The calcification of cartilage is an essential step in the process of normal bone growth through endochondral ossification. Chondrocyte apoptosis is generally observed prior to the transition of calcified cartilage to bone. There are, however, contradictory reports in the literature as to whether chondrocyte apoptosis is a precursor to cartilage calcification, a co-event, or occurs after calcification. The purpose of this study was to test the hypothesis that chondrocyte apoptosis is not a requirement for initial calcification using a cell culture system that mimics endochondral ossification. Mesenchymal stem cells harvested from Stages 21-23 chick limb buds were plated as micro-mass cultures in the presence of 4 mM inorganic phosphate (mineralizing conditions). The cultures were treated with either an apoptosis inhibitor or stimulator and compared to un-treated controls before the start of calcification on day 7. Inhibition of apoptosis with the caspase inhibitor Z-Val-Ala-Asp (O-Me)-fluoromethylketone (Z-VAD-fmk) caused no decreases in calcification as indicated by radioactive calcium uptake or Fourier transform infrared (FT-IR) analysis of mineral properties. When apoptosis was inhibited, the cultures showed more robust histological features (including more intense staining for proteoglycans, and more intact cells within the nodules as well as along the periphery of the cells as compared to untreated controls), more proliferation as noted by bromo-deoxyuridine (BrdU) labeling, decreases in terminal deoxynucleotidyl transferase (Tdt)-mediated dUTP nick-end labeling (TUNEL) staining, and fewer apoptotic bodies in electron microscopy. Stimulation of apoptosis with 40-120 nM staurosporine prior to the onset of calcification resulted in inhibition of calcium accretion, with the extent of total calcium uptake significantly decreased, the amount of matrix deposition impaired, and the formation of abnormal mineral crystals. These results indicate that chondrocyte apoptosis is not a pre-requisite for calcification in this culture system.
Physiologic calcification is an essential step in endochondral ossification and the process of normal bone growth [Frost and Jee, 1994; Galotto et al., 1994; Gerber et al., 1999] . Aberrant calcification leads to the undesirable and irreversible sequella of osteoarthritis [Gordon et al., 1984] , failed cartilage repair [Bab et al., 1982; Homminga et al., 1991; Hunziker, 1999; Chiang et al., 2005] , and chondrodysplasias [Knopov et al., 1995; Garofalo et al., 1999] . It is recognized that terminally differentiated hypertrophic chondrocytes undergo programmed cell death (apoptosis) during endochondral ossification [Gibson et al., 1995; Roach, 1997; Vu et al., 1998; Adams and Shapiro, 2002] . It is not clear, however, whether apoptosis precedes calcification or occurs as a consequence thereof.
The purpose of this study was to look at the controversy concerning the sequence of events in cartilage calcification, namely chondrocyte apoptosis, and its involvement in calcification. There are contradictory reports in the literature that in the growth plate and related cartilaginous tissues calcification precedes [Kirsch et al., 1997; Johnson et al., 2001; Adams and Shapiro, 2002; Kirsch et al., 2003; Magne et al., 2003] , is concurrent with [Mansfield et al., 2003] , has no association with [Felisbino and Carvalho, 2001 ], or occurs after [Gibson, 1998 ], chondrocyte apoptosis. The concept that apoptosis is essential for initiation of calcification is contradicted by the observation that agents that inhibit apoptosis in other cell systems are often those which induce chondrocyte hypertrophy [Galotto et al., 1994; Gibson, 1998 ]. Thus, there is a conflict between the observation that the proliferating chondrocytes initiate an apoptotic process which concludes with the maturation of the hypertrophic chondrocyte, vascular invasion, and bone formation, and the anti-apoptotic nature of many of the agents used to promote the maturation of the hypertrophic chondrocyte into a cell that produces a calcified cartilage matrix [Desai and Gruber, 1999] .
The elucidation of the properties of cartilage mineral and the events leading to cartilage calcification could lead to the development of novel therapeutic strategies to prevent abnormal calcifications and to better treat congenital limb deformities and other conditions associated with deficient or defective cartilage calcification such as the chondrodystrophies [e.g., Knopov et al., 1995; Garofalo et al., 1999; Waterham et al., 2003] , as well as to the fundamental understanding of the calcification process. The system we have chosen for our studies, micro-mass cultures of differentiating chick limb-bud mesenchymal cells is a wellestablished model of growth plate development, which our group and others have used extensively to elucidate events in the endochondral ossification process [Boskey et al., 1992a [Boskey et al., , 1996 [Boskey et al., , 2000 [Boskey et al., , 2002 Mello and Tuan, 1999; Daumer et al., 2004] . Using this system, results obtained to date reveal that conclusions derived from this avian model are generally applicable to calcification mechanisms in mammals [Mello and Tuan, 1999] .
Apoptosis can be induced through both intrinsic and extrinsic pathways, each involving the activation of the cellular caspase cascade [Adams and Shapiro, 2002; Mirkes, 2002; Kajta, 2004; Reed, 2004; Kim et al., 2005] . The caspase cascade has been shown to be well conserved in avian models [Sanders and Parker, 2001] . To test the hypothesis that chondrocyte apoptosis is not essential for cartilage calcification, we modulated this cascade in the differentiating chick limb-bud mesenchymal cell micro-mass culture system by adding agents that increased (Staurosporine treatment) or inhibited (Z-Val-Ala-Asp (O-Me)-fluoromethylketone, (Z-VAD-fmk) treatment) apoptosis prior to the start of calcification (day 7). Several previous studies have demonstrated that Z-VAD-fmk can prevent staurosporine-induced apoptosis in chondrocytes as well as a variety of other cells [e.g., Marcelli et al., 2000; Gylys et al., 2002] showing staurosporine acts through a caspase-2/-7 pathway. Rates of calcification, the nature and amount of the mineral deposited, and the light and electron microscopic appearance of the cells and matrix in mineralizing cultures in which apoptosis was inhibited or stimulated, were compared to untreated mineralizing cultures.
MATERIALS AND METHODS

Materials
Fertilized White Leghorn eggs were obtained from CBT Farms (Chestertown, MD). Except where noted, tissue culture reagents were purchased from Invitrogen (Carlsbad, CA). DMEM was from Gemini Bio-Products, Inc. (Calabasas, CA). Cell culture plastic ware was purchased from Falcon (Becton-Dickinson, Franklin Lakes, NJ). Glutamine, antibiotics, and trypsin/EDTA were obtained from Cellgro MediaTech (Herndon, VA). Antibiotic (50 units/ ml penicillin) and antimycotic (25 mg/ml streptomycin) were also from Cellgro. Fetal bovine serum (FBS) was from Gibco (Grand Island, NY). Chemicals, including calcium chloride, sodium acid phosphate, glutamine, sodium ascorbate, and spectral grade potassium bromide (KBr) were from Fischer Scientific (Springfield, NJ). 45 Ca was from Perkin Elmer Life Sciences/New England Nuclear (Billerica MA). Aquasol was from New England Nuclear. Z-VAD-fmk was acquired from (Calbiochem, Inc., San Diego, CA) and was dissolved as concentrated solutions in dimethyl sulfoxide (CalBiochem, Inc.). The final media contained 0.1% DMSO. Staurosporine was from Roche Diagnostics (Roche Molecular Systems, Inc. Branchburg, NJ) and was dissolved directly in media. Hoechst dye, papain, and calf thymus DNA were from Sigma (St Louis, MO).
Reagents for histochemistry and apoptosis assays included: Annexin-V Binding Buffer, Annexin-V-Allophycocyanin, and Propidium Iodide were from (Becton, Dickson and Co. Biosciences, Inc., San Diego, CA); Epon Polybed 812 from (Polysciences, Inc., Warrington, PA).
Fluorescein-Frag EL DNA detection kit was from (Calbiochem, Inc.). Serum-free protein solution was from Dako Cytomation (Carpinteria, CA). Paraformaldehyde, glutaraldehyde, and cacodylate buffer were from Electron Microscopy Sciences (Fort Washington, PA). The bromo-deoxyuridine (BrdU) monoclonal antibody G3G4 was acquired from the Developmental Studies Hybridoma Bank (University of Iowa, Iowa City, IA). All other chemicals were from standard laboratory suppliers and were of the highest purity available.
Cell Cultures
Fertilized eggs were incubated for 4½ days in a Napco circulated air incubator. After incubation, Stages 21-23 limb buds [Hamburger and Hamilton, 1951] were removed from the chick embryos under a microscope and trypsinized in 1X Trypsin-EDTA solution in a water bath at 378C for 10 min to liberate the mesenchymal stem cells. The suspension was filtered through a double layer of 20 mm Nitex membrane to remove any contaminants. Cells were then counted on a hemocytometer, checked for viability (trypan blue dye exclusion), and then pelleted at 1,000 rpm for 8 min at 48C.
Cells were resuspended in Dulbecco's Modified Eagle Medium (DMEM) containing 1.3 mM CaCl 2 , 25 mg/ml freshly prepared sodium ascorbate, 0.3 mg/ml L-glutamine, antibiotics, and 10% FBS and plated as a micro-mass spot at concentrations of 0.75 to 1.0 Â 10 6 per 20 ml in 35 Â 10 mm culture dishes. The dishes were maintained in a CO 2 incubator at 378C and 5.0% CO 2 . Cells were allowed to attach for 2 h after which they were flooded with 2 ml of the previously described media. From day 2 onward, the inorganic phosphate (Pi) content of the ''mineralizing'' cultures was adjusted to 4 mM, while control, non-mineralizing cultures, were maintained with 1 mM Pi. Media was changed every other day.
The irreversible tripeptide apoptosis inhibitor, Z-VAD-fmk, was used at 25 and 50 mM concentrations based on concentrations reported in the literature to inhibit rat, bovine, and human chondrocyte apoptosis [Feng et al., 1999; Lee et al., 2000; Nuttall et al., 2000] . After pilot studies in which the concentration and day of addition (from day 5 to day 14) of the apoptosis stimulator staurosporine were investigated, a 40 nM concentration was used unless otherwise noted (see Fig. 1 ), with addition from day 7. This concentration was selected in part based on histochemistry and calcification assays as described previously [Kulyk, 1991; Borge et al., 1997] . The apoptosis inhibitor or the stimulator, unless otherwise noted, was added to the media before the start of calcification on day 7 and every other day with each change of media.
Calcification Assays
Calcium-45 uptake. Calcium-45 at a concentration of 0.5 mCi/ml was added to the culture dishes on day 5 and with every media change thereafter to monitor mineral accumulation. This uptake previously was correlated with total mineral accumulation [Boskey et al., 1992b] . At the indicated time points, cultures were washed in phosphate-buffered saline (PBS) and transferred to scintillation vials. Culture dishes were then flushed twice with 200 ml of 4N hydrochloric acid to dissolve any remaining mineral. The hydrochloric acid extract was then added to the scintillation vials. To solubilize the mineral in the cultures, vials were sealed and placed in a 608C oven for 1 h and then cooled. Aquasol solution (5 ml) was then added to each vial and vortexed until the liquid was free of any cloudiness. Scintillation counting was performed on a Beckman scintillation counter. The amount of 45 Ca uptake was corrected for uptake in similarly treated nonmineralizing controls [Boskey et al., 1992b] and then normalized to the uptake at day 21 in untreated mineralizing control (4P) cultures. All results were expressed as mean AE SD for a minimum of three experiments at each time point.
Fourier transform infrared (FT-IR) spectroscopy. After removal of the media and washing the cultures twice with PBS, the mineralized matrix within the culture dishes without 45 Ca was air dried in the dish for at least 24 h. KBr (200 mg) was added to the dried cultures and KBr pellets prepared for spectroscopic analysis. Infrared spectra were collected using a Thermo-Nicolet Spectrometer 4700 under nitrogen purge. The background corrected spectra were base-lined (BioRad's Win-IR Pro 3.1), and areas under the phosphate n1,n3 peak ($900-1,200 cm À1 ) and amide I peak ($1,585-1,720 cm À1 ) calculated using the same software, and mineral/matrix ratio determined as the ratio of these two areas. Crystallinity was estimated from the relative intensities of bands at 1,030 cm À1 (stoichiometric HA) and 1,020 cm À1 (non-stoichiometric HA) [Boskey et al., 2003] . For illustrative purposes, spectra were normalized so that the area under the amide I peak was constant.
Measurement of Apoptosis
Flow cytometry. Flow cytometry was used to assess the percent apoptosis in treated and untreated mineralizing cultures from days 9-21. After media was removed from the unlabeled cultures, cells were released from the cultures via trypsinization as described above. The trypsin extract was then added, along with any residual culture material, to test tubes containing the previously removed culture media. The test tubes were centrifuged for 8 min at 48C and 1,050 rpm to pellet the cells. Supernates were discarded and 2 ml of 1X Annexin-V Binding Buffer solution was added to each test tube. The pellet was then resuspended by manual shaking. Aliquots of 100 ml of each suspension were mixed with 5 ml Annexin-V-Allophycocyanin and 5 ml propidium iodide (50 mg/ml), and incubated in the dark at room temperature for 20 min. Following incubation, another 400 ml of 1X Annexin-V Binding Buffer was added. Flow cytometry analysis was carried out on a FACS Calibur using CellQuest TM software. The numbers of apoptotic cells were calculated by counting the number of events showing high Annexin-V fluorescence. These events correlated with low amounts of forward scatter (FSC) and side scatter (SSC). The living cell population was defined as low to high SSC and moderate to high FSC. They were quantified based on low Annexin-V and Ca uptake. Mineral ion uptake was monitored in control mineralizing cultures (4P) and mineralizing cultures to which the apoptosis inducer was added at 40 (left), 80 (middle), or 120 (right) nM from day 7, 9, or 11. Error bars show mean AE SD for n ¼ 3; duplicate experiments are provided for the other curves. All data was fitted by a non-linear sigmoid curve regression. b: DNA content (mg/culture) in the pilot study. Treatment groups are indicated on the x-axis; DNA measurements were performed at day 14 for cultures treated at day 7 or 9, and on day 16 for cultures treated on day 11. Error bars show mean AE SD for n ¼ 3 determinations. *P < 0.05 relative to untreated control.
propidium iodide fluorescence. Total apoptotic events divided by the total living plus apoptotic cell population were used to calculate percentage of apoptosis.
Light and electron microscopy. Unlabeled mineralizing cultures were rinsed with PBS and fixed overnight with 2% paraformaldehyde and 0.5% glutaraldehyde in 0.05 M cacodylate buffer at pH 7.4. In some cases 0.7% ruthenium hexamine trichloride [Hunziker et al., 1983] was added to cultures to preserve proteoglycans. The majority of the microscopic analyses were performed at day 13 or day 14, the time point at which rapid proliferation is occurring and calcification is just commencing, although selective analyses were performed at days 11, 16, 19, and 21 . Following fixation the cultures were removed from the dish. Several small pieces were removed from each culture for electron microscopy and the remaining sample was embedded in paraffin for light microscopy. Paraffin embedded samples were sectioned at 5-7 mm thickness, dried on Double Plus microscope slides, deparaffinized, and stained with Alcian Blue, pH 2.5 counterstained with Kernechtrot solution [Armed Forces Institute of Pathology, 1994] . Qualitative analysis was performed to determine cell size and chondrocyte nodule characteristics (amount of lacunae and presence of cells within lacunae).
For electron microscopy fixed samples were dehydrated in alcohols and embedded in Epon. Sections 0.5-1.0 mm thick were stained with toluidine blue and viewed under the light microscope. Thin sections (80-90 nm thick) were collected on copper grids, stained with lead citrate and uranyl acetate and viewed on a CM-12 Philips transmission microscope (FEI, Inc., Hillsboro, OR).
Terminal deoxynucleotidyl transferase (Tdt)-mediated dUTP nick-end labeling (TUNEL) assay. Deparaffinized sections prepared as above were used for TdT-mediated dUTP nick-end labeling staining to localize apoptotic cells. Briefly, in this method TdT binds to exposed ends of DNA fragments characteristic of apoptosis and catalyzes the template-dependent addition of biotin-labeled and unlabeled deoxynucleotides. Biotinylated nucleotides were detected using streptavidin-horseradish peroxidase (HRP) conjugate. Diaminobenzidine color reagent reacted with the labeled sample to generate an insoluble brown colored product at the site of DNA fragmentation.
Cell
proliferation. Bromo-deoxyuridine uptake was used to compare proliferation in the presence and absence of staurosporine or Z-VAD-fmk. Cultures were incubated 3 h at 378C with 3 mM BrdU, rinsed in fresh media, fixed in 10% formalin for 24 h, washed, dehydrated, and paraffin-embedded. Sections were deparaffinized, hydrated, blocked with H 2 O 2 for 30 min, treated with 2N HCl at 378C for 30 min, treated with 0.1% pepsin for 45 min at 378C, and blocked with serum-free protein. The presence of BrdU was detected by immunohistochemistry with a monoclonal antibody (G3G4) against BrdU. The primary antibody was used at 1:20 dilution in a humid chamber overnight. Streptavidin-avidin was the secondary antibody and diaminobenzidine was the color reagent. The percentage of BrdU-labeled cells was counted in five areas of 1 mm 2 selected randomly for each condition using the Bioquant image analysis system (Nashville, TN).
DNA was measured in the cultures using the Hoechst dye fluorescence assay [Kim et al., 1988] . In brief, three micro-mass cultures per treatment were combined, washed with PBS, and digested in papain 18 h at 378C. Aliquots of the papain digest (100 ml) were used for the DNA determination relative to a calf thymus DNA standard.
Statistical Analysis
Significant differences between treatment groups were determined using SigmaStat software by SPSS, Inc. One-way ANOVA with a post-hoc Dunnett's Test was used to determine differences relative to mineralizing control (untreated) cultures at each time point. Significance was accepted to be a P less than or equal to 0.05.
RESULTS
Pilot data used to select concentrations of staurosporine and time of staurosporine addition is presented in Figure 1a . While with 80 and 120 nM staurosporine added on day 7 there was no detectable 45 Ca uptake, many of the cultures came off the dish because of the extensive cell death, making it impossible to do both temporal and replicate measurements. When added after day 9 or day 11/12 all of the cultures, independent of concentration, showed some 45 Ca uptake. To determine whether the differences between staurosporine treated cultures and untreated mineralizing controls was a reflection of the difference in cell numbers, DNA was measured 2 days after staurosporine treatment, and compared to untreated mineralizing controls at the same time point. Because staurosporine addition was done after cell proliferation had plateaued, there were few significant differences in total DNA after induction of apoptosis (Fig. 1b) . Thus with addition at day 7, there was less than a 5% change in DNA with 40 or 80 nM staurosporine, while 120 nM caused a non-significant 20% decrease at day 9. Addition at day 9 similarly caused a 6%, 13%, and 17% decrease in DNA content for treatment with 40, 80, and 120 nM, relative to controls at day 11. Addition at day 11 caused a 10% and 12% DNA decrease with 40 and 80 nM staurosporine, but a significant 47% decrease with 120 nM staurosporine, assessed 4 days after the treatment with the apoptosis inducer. Based on these cumulative results, it was decided to start the treatments before calcification commenced (day 7), and to use 40 nM staurosporine.
Radioactive calcium uptake for each individual time point did not differ significantly when mineralizing control (4P) and Z-VAD-fmk (4PþZ) treated cultures were compared from day 7 to day 21 (Fig. 2) . Both culture groups showed maximal increases in radioactive calcium uptake between days 9 and 15 and gradually leveled off after that time. Although Z-VAD-fmk treated cultures had a numerically greater radioactive uptake at day 21 than untreated cultures, with the higher Z-VAD-fmk dose providing the highest yield, this was not statistically significant relative to the untreated mineralizing cultures. Rates of 45 Ca uptake (initial slopes of the curves) were also not significantly different when mineralizing controls and the two concentrations of Z-VAD-fmk were compared. As shown in Figure 2 , cells treated with 40 nM staurosporine (4P þ S) from day 7 onward showed an initial significant increase in radioactive calcium uptake as compared to the other two groups. At both days 9 and 11, there was a significant increase in 45 Ca uptake (P ¼ 0.01 and 0.02, respectively) relative to the untreated mineralizing controls at the same time point. While immediately after treatment the initial rate of calcium accretion was significantly faster than the untreated cultures, the cultures treated with 40 nM staurosporine had no change in radioactivity after day 13 showed decreases in lower 45 Ca uptake, with significantly lower values compared to mineralizing control cultures. As noted in Figure 1 , cultures treated with 80 and 120 nM staurosporine showed no additional uptake of 45 Ca after the time of addition. Figure 3 presents the FTIR data describing mineral properties in the different treatment groups. Figure 3a shows typical infrared Ca uptake that declined relative to control mineralizing cultures (4P). Cultures in which apoptosis was inhibited with 50 mM Z-VADfmk had apparently higher but not significantly greater 45 Ca accumulation per culture. Values were normalized to day 21 4P values and are mean AE SD for n ¼ 5-7 independent experiments. *P < 0.05 relative to untreated mineralizing control cultures (4P). spectra of day 21 cultures. At day 15, only the staurosporine treated cultures contained hydroxyapatite mineral, and the crystals at this time point, based on detailed analyses of the spectra, were larger than those seen at later time points in any of the treatment groups and larger than those normally associated with chick cartilage calcification [Boskey et al., 1992a] . This is illustrated in the bar graphs of mineral/matrix ratio (Fig. 3b) and crystallinity (Fig. 3c) . Mineral to matrix ratio increased with time in control mineralizing cultures, increased to a lesser extent in Z-VAD-fmk treated cultures, and decreased significantly in staurosporine treated cultures. In control and Z-VAD-fmk treated cultures, crystallinity (crystal size and perfection) increased with time.
Electron microscopy showed cells in the Z-VAD-fmk treated cultures had greater amounts of normal appearing cells than those in the control cultures. At day 14, mineralizing control chondrocytes (Fig. 4a) showed large, uncondensed nuclei with abundant matrix production. The hypertrophic chondrocytes in these untreated mineralizing cultures (Fig. 4b) showed cellular swelling characteristic of this type of cell. EM analysis of staurosporine treated cells (Figs. 4c, d) showed a much more disorganized intracellular morphology. Apoptotic cells had characteristic condensed nuclei as well as decreased intracellular content (Fig. 4c) . Necrotic cells (Fig. 4d) with numerous cytoplasmic inclusions were found in abundance in the staurosporine treated cultures consistent with the findings of flow cytometry (discussed below).
Light microscopy ( Fig. 5 ) revealed distinct differences among the treatment groups at day 14, confirming the presence of apoptotic cells in staurosporine treated cultures; with markedly fewer apoptotic cells in Z-VAD-fmk treated cultures as compared to controls. The nodules in the Z-VAD-fmk treated cultures also appeared slightly larger, however this was difficult to document in the whole-mount cultures. Alcian Blue staining (Fig. 5a-d) for mineralizing cultures (4P) and mineralizing cultures treated with 40 or 120 nM staurosporine (40S, 120S) or 25 nM Z-VAD-fmk showed abundant nodule formation within the cultures with strong staining for proteoglycan content. The staurosporine treated groups appeared to have fewer nodules and increased internodular Fig. 3 . Infrared spectroscopic analysis of representative cultures: (a) Typical spectra from the three culture systems at day 21. All spectra were normalized so that the amide I bands were superimposed. The phosphate and amide I bands used for detailed analyses are indicated. b: Mineral:matrix ratios calculated from all spectra obtained as a function of time. Values are mean AE SD for n ¼ 3-7 spectra from different cultures. c: Crystallinity, calculated from the peak intensity ratios of bands at 1,030 and 1,020 cm À1 respectively. Values are mean AE SD for n ¼ 3-7 spectra from different cultures.
space compared to mineralizing control cultures. The Z-VAD-fmk treatment also produced fewer nodules and more internodular space than control cultures however the nodules were always more intensely stained for proteoglycans and appeared larger. There was roughly the same proportion of hypertrophic chondrocytes per nodule in the untreated and Z-VADfmk treated cultures, and fewer such cells in the staurosporine treated cultures. Cell content was considerably greater within the internodular space and on the nodule surfaces of the Z-VAD-fmk treated groups compared to mineralizing controls and staurosporine treated cultures. H&E stained plastic sections (0.5 microns thick) showed considerable histologic variation among groups (Fig. 5e-h ). The control mineralizing cultures had well defined nodules and considerable numbers of hypertrophic chondrocytes within each nodule. Following staurosporine treatment the nodules were less well defined and the numbers of hypertrophic cells decreased as the drug dosage increased (compare 40 nM (5 f) to 120 nM (5 g) staurosporine). The number of dense round cells increased with increasing dosage suggesting that many cells do not develop to the hypertrophic stage. The Z-VAD-fmk treated group (5 h) was quite unique in that there also were fewer hypertrophic cells, but also few small dense cells within the nodules. This group is characterized by a significant number of cells lining the outer surface of the nodules as well as densely populating the internodular spaces. TUNEL staining (Fig. 5i-l) was used to estimate the number of apoptotic cells. The control culture contained very few such cells. Some apoptosis was seen in the zone of hypertrophic cells. All nuclei are counterstained in Figure 5i -l so they can be seen but should not be confused with TUNEL-positive staining. Only the large round dark nuclei are positive for TUNEL (see photos 5 j and k). Following the staurosporine treatment, the number of apoptotic bodies within each nodule increased with increasing dose. Since the number of hypertrophic cells decreased with increasing staurosporine dose, the apoptosis most likely occurred in non-hypertrophic cells. In contrast, with Z-VAD-fmk treatment even though the number of hypertrophic cells was decreased, there are few apoptotic bodies visible, even when compared to the mineralizing control culture.
Bromo-deoxyuridine labeling (not shown) indicated that at 13 days, both within nodules as well as in the mesenchyme, there was extensive proliferation in mineralizing control cultures (average 54% uptake per field). In contrast, at the same time point in 40 nM staurosporine treated cultures, there was a marked decrease in BrdU uptake with only scant uptake in the mesenchyme and no evidence of uptake within the nodules (average 19% uptake per field).
Flow cytometry (Fig. 6) showed baseline apoptosis levels in control mineralizing cultures of 7-11% of cells throughout the time course of the experiment. Z-VAD-fmk treated cultures had 7-13% apoptotic cells, which was not significantly different from control samples. However, in cultures treated from day 7 with 40 nM staurosporine, apoptosis levels at day 9 were 35% and remained between 31% and 46% of total cells thereafter, significantly greater than untreated and Z-VAD-fmk treated cultures at all time points.
DISCUSSION
The results of this study support our hypothesis that chondrocyte apoptosis is not an absolute requirement for initial calcification, at least in the avian micro-mass culture system studied here. This is corroborated by the observations that preventing apoptosis did not retard calcification, that giving sufficient apoptogen to kill the majority of the cells prevented calcification, and that cells with increased apoptosis while initially binding more calcium, did not form physiologic mineral and did not continue to accumulate calcium in their matrices.
Based on both light and electron microscopic assessment, as well as TUNEL staining, cultures treated with Z-VAD-fmk had no detectable apoptosis throughout the culture period, while there were low levels in the untreated cultures. Since TUNEL staining tends to overrather than under-estimate apoptosis [Gal et al., 2000] , and as Z-VAD-fmk is known to inhibit chondrocyte apoptosis , it is suggested that Z-VAD-fmk treatment was effective. However, flow cytommetry based on annexin-V binding is known to demonstrate early apoptosis [van Engeland et al., 1998 ], and both untreated control and Z-VAD-fmk treated cultures showed comparable, albeit low (<10%) levels of apoptosis at all time points tested.
There are several reasons that we suspect the flow cytometry data may be misleading. The requirement that the cells be released from the matrices of the high density cultures before study introduces a potential for artifact. Fig. 6 . Flow cytometry using Annexin V to determine the percentage of apoptosis at various time points for mineralizing controls (4P), Z-VAD-fmk (25 nM) treated cultures, and 40 nM staurosporine treated cultures (4P þ S) is shown. Cultures treated with the apoptosis inhibitor continuously from day 7 showed no significant difference compared to control. Cultures treated continuously with the apoptosis stimulator showed significant increase in apoptosis levels compared to control. (*P ¼ 0.05 relative to control mineralizing cultures).
Additionally, it was difficult to achieve total lysis of all the cells, making it possible that a high proportion of already necrotic and apopotic cells were those studied. On average, each flow experiment included $1,000 cells, thus total numbers for apoptotic cells in the control and Z-VAD-fmk treated groups were <100, pushing the sensitivity of the method. There were, in all experiments, many more dead cells than apoptotic cells. More importantly, while flow cytometry is routinely used to characterize apoptosis in articular chondrocytes, there is only one report of flow cytometry studying apotosis in growth plate chondrocytes [Mansfield et al., 2003] and this report only measured live and dead cells based on propidium iodide, and relied on TUNEL staining for measures of apoptosis.
The presence of phosphatidyl serine (PS) on the outer membrane of cells is the basis for the annexin-V labeling used to assess apoptosis [van Engeland et al., 1998 ]. Assessing apoptosis in hypertrophic growth plate chondrocytes based on annexin-V binding may be problematic, as hypertrophic chondrocytes have increased amounts of PS on their outer membranes [Wuthier, 1971; Boskey et al., 1980] , increasing the binding of annexin-V to cells that are still viable, as hypertrophic chondrocytes are not generally apoptotic as shown by other methods [Kirsch et al., 2003] . The most suspect finding was that the Z-VAD-fmk treated cultures showed no microscopic evidence of apoptosis by day 21, while continuously demonstrated $10% apoptosis, similar to the untreated mineralizing controls.
The observation that both the Z-VAD-fmk treated cultures and the untreated cultures had the same proportion of apoptotic cells based on annexin-V labeling suggests that we may be observing the presence of equivalent fractions of PS-rich cells. The extracellular matrix vesicles derived from hypertrophic chondrocytes are richer in PS [Wuthier et al., 1985] , but were excluded from the data based on their small size. Hence, despite the flow cytometry data, we suggest that Z-VAD-fmk treated cultures were not apoptotic, and note that these cultures mineralized. Furthermore, even if there was 10% apoptosis maintained from the start of the experiment until its conclusion, were apoptosis essential, one would expect the cultures with 50% (or almost 100% apoptosis (120 nM staurosporine)) to be mineralizing at rates similar, if not greater than, control samples. However, in cultures treated with high concentrations (120 nM) of staurosporine where induction of apoptosis was complete, there was no mineral accumulation throughout the culture period. The 45 Ca uptake in cultures treated with 40 nM staurosporine occurred earlier than in the other culture groups, and the crystals formed were less physiologic than control and the Z-VADfmk treated cultures. It is likely that much of the 45 Ca uptake in the staurosporine treated cultures arose from calcium binding to PS. Ca-PS salts, as distinct from complexes consisting of Ca, Pi, and PS, do not support the growth of hydroxyapatite mineral [Boskey and Dick, 1991] . It is also possible that with apoptotic cell death there is an efflux of both calcium and lysosomal enzymes from the cell, and these could contribute to pathologic rather than physiologic calcification. We have previously demonstrated this [Boskey et al., 1996] in this same culture system by freeze thawing cells.
The initial high mineral/matrix ratio noted in the infrared spectra is probably due to the absence of matrix as seen in the light and electron microscopic images, rather than a marked increase in mineral. Interestingly by day 21, the crystals in the 40 nM staurosporine treated cultures, though less abundant, were more physiologic in size based on IR analyses. An explanation for this is seen in the histology and TUNEL data, in which it is noted that not all the cells die, and it is likely that these deposit a physiologic matrix, which eventually has mineral deposited upon it. Thus, the average of the larger dystrophic crystals and any newly formed physiologic mineral gives the appearance of a more physiologic mineral. It is important to note, that we have previously shown that the mineral formed in the control mineralizing cultures resembles that in chick growth plates [Boskey et al., 1992a] . The mineral to matrix values reflect only the relative amounts of mineral and matrix, and thus are not useful comparisons, but the crystallinity data indicates that the staurosporine treated cultures, especially at early time points, consists of very large crystals. With time, they average out to the size of the controls and the Z-VAD-fmk crystals, indicating there is still some physiologic mineralization occurring.
In the growth plate there are important spatial relationships among chondrocytes as they temporally progress from resting cells to proliferating and hypertrophic chondrocytes. We have demonstrated previously that the chick limb bud micro-mass culture system maintains these crucial relationships [Boskey et al., 1992b] . Terminally differentiated chondrocytes are generally believed to undergo apoptosis [Adams and Shapiro, 2002] , although whether the calcified matrix contributes to the apoptotic process, or the apoptotic process induces the calcification has been in debate. The facts that in our system partial induction of apoptosis led to a less physiologic mineral deposition, that when the entire culture underwent complete apoptosis there was no mineral deposition, and that cultures in which apoptosis was inhibited tended to accumulate the greater amount of mineral, supports our hypothesis that apoptosis is not essential for calcification. It thus appears that apoptosis must follow initial cartilage calcification. Future studies will be needed to define what factors trigger these events.
Supporting the concept that apoptosis is not mandatory for calcification are two recent reports. In the first [Kirsch et al., 2003 ], histologic evidence of mineralization preceded the observation of TUNEL staining in the hypertrophic zone of the chick growth plate. The second described the phenotype in animals in which vascular endothelial growth factor A (VEGFA) was conditionally knocked out [Zelzer et al., 2004] . VEGFA is both an angiogenesis and a cell survival factor. In the growth plates of conditional VEGFA knockout mice there was extensive apoptosis especially in their extended hypertrophic zones. But the embryonic mice through E18.5 showed a failure in mineralization. Although the problem in these mice was a failure of vascular invasion, the absence of mineral deposition supports our underlying hypothesis.
In the present study, we used different measures of apoptosis including: light and electron microscopy, TUNEL staining, and flow cytometry. These methods showed different absolute values for the amount of apoptosis but confirmed the relative effects of staurosporine and Z-VAD-fmk. Differences in the absolute values can be attributed to the ways in which cells are handled for each analysis. In processing cells for flow cytometry (in which control and Z-VAD-fmk treated cultures showed equivalent and measurable extents of apoptosis, some cells will invariably die as they are subjected to the 1 h processing protocol outside of the incubator before fixation. All measures were taken to ensure consistent conditions between flow cytometry experiments to minimize variability, but the increased proportion of dead and apoptotic cells in the control and Z-VAD-fmk treated cultures relative to that observed in other methods, suggests that there may be a processing artifact. Histologic analyses including TUNEL staining were consistent with each other showing Z-FAD-fmk treated cultures with the least apoptosis, and staurosporine treated cultures with the most. This could be attributed to the fact that processing outside of the incubator before fixation is minimal.
It is important to note that there may be species and cell dependent differences in the relationship between calcification and apoptosis. Parathyroid related protein (PTHrP) increases the expression of a protein (Bcl-2) that controls apoptosis in several cell types, including growth plate chondrocytes in vitro and in vivo, leading to delays in their maturation towards hypertrophy and apoptotic cell death. Overexpression of PTHrP under the control of the collagen II promoter in transgenic mice resulted in marked delays in skeletal development (and hence calcification) although a direct effect on calcification was not reported [Weir et al., 1996] . Deletion of the gene encoding Bcl-2 resulted in accelerated maturation of chondrocytes and concomitant shortening of long bones, though again without a reported direct effect on calcification [Amling et al., 1997] . Magne et al. [2003] reported that phosphate-induced calcification could be blocked by inhibiting apoptosis with 100 mM Z-VAD-fmk in a murine cell line that differentiates into chondrocytes. Whether the effects were due to necrosis caused by extremely high levels of phosphate, or by programmed cell death was not demonstrated. More recently, working with Li et al. [2005] we similarly found that induction of apoptosis in mouse osteoblast cultures caused the formation of physiologic mineral deposition. Whether the differences between the murine and the avian cultures are a species difference, or are associated with the inductive agent or cell-type remains to be determined. As noted above, mice conditionally null for VEGFA have increased apoptosis (and necrosis) and fail to mineralize [Zelzer et al., 2004] , while mice in which insulin receptor substrate-1 was deleted showed increased apoptosis and increased cartilage calcification [Hoshi et al., 2004] . This suggests that the variations are system dependent, and reminds one that the deposition of physiologic mineral is a complex process that is likely to be under multiple controls. However, the data in this paper, as well as in other systems, indicates that chondrocyte apoptosis is not a mandatory precursor to calcification.
